Introduction
To overcome the limitation of conventional piezoceramics, there have been many researches on piezocomposite materials over the past several decades [1, 2] . Among the many patterns of connectivity between piezoceramic and polymeric phases, 1-3 mode connectivity has been recognized to have the best piezo-activity [2] . This study is concerned with the design of a Tonpilz transducer using the 1-3 mode piezocomposite as an active material of the transducer. Fig. 1 shows a typical configuration of the Tonpilz transducer. The transducer is made up of a piezoelectric ring stack between a head mass and a tail mass pre-stressed by a central bolt. The performance of a transducer is determined by the effects of many structural parameters. We have developed a new optimal design scheme that can determine the optimal geometry of a Tonpilz transducer made of 1-3 piezocomposites to achieve the highest target performance under given constraint. 
1-3 Piezocomposites modeling and analysis
To compose the 1-3 piezocomposites, we used PZT-5H for piezoceramic rods and a polymer as a matrix. Volume fraction of PZT-5H was controlled modifying the size of the rods and their spacing. Ten different finite element models were made by varying the number of PZT rods, and then by varying the width of PZT and polymer to represent the volume fraction of PZT from 10% to 100%. Through impedance analysis, the electromechanical coupling coefficient of a thickness mode vibration of each model was calculated as (1) .
, where, f r is a resonance frequency, f a is an anti-resonance frequency, and k t is the electromechanical coupling factor of a thickness mode vibration. The results showed that the 1-3 piezocomposite has the highest electromechanical coupling factor when the volume fraction of PZT is 60%.
Optimization of a Tonpilz transducer
A 2D axis-symmetrical finite element model of a Tonpilz transducer was constructed as shown in Fig. 2 . Material of the head mass is aluminum, the tail mass is steel, and the bolt is stainless steel. The procedure to optimize the structural variables of the Tonpilz transducer is shown in Fig. 3 [3] . Performance factors of a Tonpilz transducer are sound pressure level (P r ), operation frequency (f OP ), and -3dB frequency bandwidth (Δf). Firstly, analysis cases were designed by 2 n factorial design, and then functional forms of the performances were derived with a statistical multiple regression method using the results of the 2 n analyses. For instance, Eq. 2 is a regression equation for the sound pressure. In (2), x 1 is the piezocomposite thickness, x 2 is the tail mass thickness, x 3 is the head mass thickness, and x 4 is the head mass radius.
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The coefficients of determination of each regression equation were more than 0.995. This means that each regression equation well described the variation of the performance factors in relation to the structural variables.
To find optimal values of the structural variables, a target function with constraint conditions was established as (3) . The purpose in this study is design a transducer to radiate the highest sound pressure at a given frequency satisfying a certain requirement of -3dB bandwidth. The 3dB bandwidth should be wider than 2500 Hz for a sample case. For the minimization of the target function, SQP-PD (Sequential Quadratic programming Method of Phenichny and Danilin) method was used because of its high convergence rate among various kinds of constrained optimization methods [4] . Table I 
Conclusions
We have developed a new optimal design scheme that can determine the optimal geometry of a Tonpilz transducer made of 1-3 piezocomposites to achieve the highest target performance under given constraint. In comparison with conventional analytic and finite element methods, our new optimal design method can determine the optimal geometry with great efficiency and rapidity. Moreover, the technique is so general that it can be applied to any other type of acoustic transducers as well.
